We grew mussels (Mytilus edulis) under two different food regimes and eight population density levels to estimate the joint effects of density and biomass on their growth and survival and to determine the shape of the biomass-density (B-N) relationship. Mussels were reared for 22 months, between December 1994 and October 1996, in 1-L experimental chambers supplied with natural seston. Growth in shell length, individual wet mass and ash free dry mass (m) decreased with decreasing food availability and increasing population density. Survival was negatively correlated with density but did not differ significantly between food regimes during the first year. Variations in concentration of available food did not alter the effects of crowding on mussels, as judged from the slopes of the body size-density curves. The general patterns exhibited by B-N curves were not consistent with expectations since we found 1) no classical competition-density (C-D) effect as reported in plants at intermediate competition levels, and 2) a slope of −0.648 for m-N curves in both food regimes, which was higher than expected from self-thinning (ST) theory. This value does not support present fooddriven ST theory. This study introduces an unusual m-N region which combines properties of both ST and C-D effect.
Body size is a fundamental biological characteristic, and the effects of body size scaling are well known (Peters 1983 , Schmidt-Nielsen 1984 , LaBarbera 1989 , Marquet et al. 1990 , West et al. 1997 ). In organisms with plastic morphological expression, particularly plants, the relationship between body size and population density has been described extensively (Harper 1977 , Westoby 1984 , White 1985 . Because resource requirements for space or food usually increase with body size, average body size should depend on the number of individuals that can be supported in a given environment, and should decrease as a function of crowding. The result is a negative correlation between body size and population density, whose extreme expression is referred to as the self-thinning relationship, which is commonly expressed as m-k1 Ng, where m is mean individual mass and N is current population density (Yoda et al. 1963) . Self-thinning (hereafter ST) occurs when growth of dominant individuals suppresses smaller individuals (White 1981 , Westoby 1984 . ST in plants has been studied and debated extensively (reviewed by Puntieri 1993) . More recently, ST theory was applied to explain the intraspecific body size-density relationship in animal species encompassing a broad range of body sizes, such as insects (Begon et al. 1986 , Latto 1994 , marine invertebrates (Branch 1975 , Hogarth 1985 , Hughes and Griffiths 1988 , Fréchette and Lefaivre 1990 , Petraitis 1995a , Guin˜ez and Castilla competition levels, the classical C-D effect (e.g. Westoby 1984 ). The question of whether the C-D effect also exists in animals, and more specifically in molluscs, has not been fully addressed. Recent B-N curves modelled from hypothetical mussel populations did not show a region of constant yield, but instead exhibited a curvilinear pattern (Fr6chette and Bacher 1998). In addition, recent accounts of ST in animals (e.g. Frechette Here we report the results of an experimental study on the influence of stocking density and food concentration on growth and survival of Mytilus edulis. Mussel growth was assumed to be regulated by food availability with no physical interference with conspecifics. In the laboratory, we submitted groups of M. edulis individuals to different food and population density combinations for extensive periods of time, and monitored individual growth and survival. We compared the B-N curves obtained to those of the theoretical B-N diagram expected in molluscs and plants, and examined whether ST occurred. Our analysis shows that present theory of food-driven ST in molluscs should be revised. 29
Methods

Experimental design
The laboratory experiment was carried out over a 22-month period, from mid-December 1994 until midOctober 1996, at the Maurice-Lamontagne Institute (Mont-Joli, Quebec, Canada) on the south shore of the Lower St. Lawrence Estuary. A factorial design was used to assess the effect of food concentration and population density on the growth and survival of M. edulis. The experimental design involved two food levels (high vs low) and eight density levels (8, 16, 24, 40, 48, 64, 72, 80 mussels per growth chamber, hereafter labelled N8, N16,..., N80) with two additional empty chambers (NO) to monitor incoming food level. Each food x density cell contained three replicate chambers. Therefore, 120 identical 1-L plastic experimental chambers were stocked in December 1994 with a total of 4224 mussels (shell length which were collected in October 1994 at Iles-de-laMadeleine, Quebec, and were kept in running seawater until the beginning of the experiment. Half of the growth chambers were terminated in October 1995 and the other half in October 1996. Data from December 1994 to October 1995 and October 1995 to October 1996 were analysed separately. Each chamber (11 cm diam., 14 cm high) contained two identical cylindrical Vexar cages (10.2 cm diam., 4.5 cm high, 0.7 cm mesh). A total of 240 cages were randomly assigned an initial "up" or "down" position in each chamber at the beginning of the experiment. Their position was changed on a regular basis, every three months from late October to early May, and every five weeks from late May to early October. This procedure was done to eliminate the effect of the cage position on mussel growth. Two perpendicular polyethylene walls divided the two cages within each chamber into four identical cells. Within the cages, each cell was stocked with the same number of mussels, so that total densities in the growth chambers were 8, 16, 24, 40, 48, 64, 72 and 80. Dividing the mussels among cells within cages and cages within chambers minimized interference between individuals (Okamura 1986).
Growth chambers were supplied with natural seawater pumped from the nearby estuary and distributed from head tanks by gravity. Flow rates in the chambers were monitored every three days, and adjusted to 0.60 + 0.06 L min-~. It was assumed that the chambers were well mixed, though this assumption may not have been fully met (Epstein 1990 ). The chambers were cleaned weekly to remove sedimented materials, or whenever wind events resulted in significant amounts of resuspended sediments entering the chambers.
Mussels were fed two food concentrations: high food (HF = 100% of non-filtered seawater), corresponding to that observed in situ (typical ranges are given by Demers et al. 1987); low food (LF = 1/3 HF), which was achieved by mixing 30% non-filtered seawater with 70% filtered seawater in two head tanks. Filtered seawater was produced by filtering estuarine seawater through a 80-120-tm mesh pressure sand filter. From late October to mid-May, only filtered seawater was available. During that period, mussels were fed dried Spirulina sp. (Spirulina Microfine, Argent Chemical Laboratories) twice a week. Spirulina sp. was resuspended and diluted in filtered seawater to obtain two concentrations, 1.00 g L-~ and 0.33 g L-1, respectively, for the high food and low food regimes. Water flow into the head tanks was stopped for 2 h to allow mussels to feed.
Data collection
Environmental variables were collected to characterize the conditions prevailing in each food treatment. Water temperature (+0.2?C) and salinity (+0.3) were recorded on a daily basis at w 09:00 h in the head tanks for both food treatments with a YSI probe (in 1995), and an ORION model 140 probe (in 1996). From mid-May to mid-October, the availability of food for mussels was estimated on a weekly basis in the 12 empty chambers by 1) fluorometry with a Turner Designs Model 10 fluorometer, and 2) filtration of particulate organic matter. Fluorescence readings were made on 1.2-mL seawater samples which were extracted in 6.8 mL acetone for 24 h in the dark and then centrifuged (Phinney and Yentsch 1985) . Fluorescence was blank-corrected with GF/C filtered seawater. Fluorescence, as measured here, provided an estimate of phytoplankton concentration. Samples of seston were collected on pre-combusted (24 h at 450?C), preweighed Whatman GF/C filters. Filters were rinsed with isotonic ammonium formate to remove sea salts, frozen at -18?C and subsequently analysed. After drying at 70?C for 4 h, they were weighed to the nearest 0.0001 g with a Mettler AE 163 balance, then ashed at 450?C for 24 h and weighed again for the determination of particulate organic and inorganic matter (POM and PIM) (Frechette and Grant 1991) .
Observations on shell length, total fresh biomass, and number of living mussels were made on 12 sampling dates: 8-14 December 1994, 21-22 June 1995, 19-20  July 1995, 21-22 August 1995, 12-14 October 1995, 19 and 30-31 January 1996, 19-21 March 1996, 17-19 June 1996, 10-12 July 1996, 7-9 August 1996, 5-6 September 1996, and 1-2 October 1996. The shells of 1200 mussels were individually marked with a file at the beginning of the experiment. The number of marked mussels in each growth chamber varied with the stocking density, i.e. eight mussels at N8, N16 and N24 and a quarter of the total number of mussels per chamber from N40 to N80. On each sampling date, byssal threads were cut gently using a scalpel prior to measuring shells. Marked mussels were individually measured for shell length (L, mm, anteroposterior axis) with a vernier calliper to the nearest 0.1 mm. Within each chamber, living mussels were counted whereas dead mussels were measured and removed. The total fresh biomass (g) of living mussels in the chambers was weighed to the nearest 0.01 g on an electronic Mettler balance (PE 3600 and BB 2400 models) after blotting the mussels. Individual ash free dry mass (g) was determined in October 1995 by sacrificing mussels from half of the growth chambers, and in October 1996 by harvesting the other half of the remaining individuals. Mussels were frozen at -18C for later determination of tissue dry mass with a Mettler AE 163 balance to the nearest 0.0001 g. Ash free dry mass was obtained by the difference between dry body mass measured after thawing, removing of byssus and drying at 70?C for 72 h, and its ash mass after combustion at 450?C for 24 h.
Data analysis
Environmental variables were compared between food treatments in 1995 and 1996 with paired t-tests (Sokal and Rohlf 1981, Underwood 1997). For water temperature and salinity, we tested the null hypothesis that HF = LF. For the measures of food level, i.e. fluorescence and seston concentration, we tested the null hypothesis for a paired t-test of HF = 3 LF.
Comparisons of growth patterns for both food treatments were based on the individual shell length (L), ash free dry mass (m), and the average individual wet mass (WM), and proceeded in two steps. Firstly, analysis of differences among initial average L between chambers was done as a two-way ANOVA with density and food as fixed factors. Analysis of differences among final average L between marked and unmarked mussels was carried out to test if the marking technique and the position of cages in the chamber had affected mussel shell growth. For this purpose, we used a nested five-way ANOVA with density, food, position of cages and mark as fixed factors and replicate nested within the combinations of density and food (Ruohonen 1998 (Box 1953 , Lindman 1974 , Underwood 1981 . Except in extreme circumstances of marginal significance levels, one should take observed significance levels as guidelines for dealing with ANOVA assumptions rather than hard-and-fast decision rules (Hand and Taylor 1987) . Thus, considering the highly significant probabilities associated with the F-ratio which were obtained in the present MANOVAs and the large amount of observations, it can be safely assumed that the validity of the test was not affected by possible violations of the assumptions required for the multivariate approach. Differences in average WM among experimental food-density treatments were then tested by a three-way repeated measures analysis (MANOVA) with time as the "within-subject" factor, and food and density as the "between-subject" factors (fixed factors). Analysis for differences in L among treatments was done using a four-way repeated measures MANOVA with time, food, and density as fixed factors and replicate nested in the combinations of food and density. A profile analysis allowed to identify the particular time intervals in which the treatment (i.e., food, density, and their interaction food x density) effects were different (Stevens 1986 ). Profile analyses of the time factor and the food x time and density x time interactions are based on differences ("contrasts") of two adjacent sampling months. Individual ANOVAs (F-test) were done on each of the K-l contrasts, where K is the number of sampling months (von Ende 1993).
Survival patterns over time were analysed through a failure-time analysis (Muenchow 1986 , Fox 1993 ) to determine the effect of food and density on the time of mussel death. Failure-time analysis accommodates "censored" data corresponding to live mussels at the end of our experiment (Muenchow 1986 ). Survival curves were tested for homogeneity between the 16 food-density treatments by the SAS LIFETEST procedure (SAS 1989) using the log-rank test (Lee 1980) . The LIFETEST procedure also allows to test for a linear relationship between survival time and density treatment.
To analyse growth and survival patterns, B-N curves for each food treatment were constructed using the eight different densities and successive sampling dates, resulting in time trajectories for several density groups (see Fig. 1 ). Average individual m in October 1995 and 1996 were plotted against N (ln-ln data). The m-N curves were estimated using a simple linear regression model for both food treatments in October 1995 and 1996, and slopes and elevations were tested (Sokal and Rohlf 1981) . Finally, we compared the results for chambers terminated in October 1995 with Frechette and Bacher's (1998) simulation of densitydependent growth for mussels, which assumed no interference between mussels. Thus, we conclude that the position of cages within the chamber did not influence mussel shell growth during the experiment.
Average individual wet mass (WM) varied significantly with food concentration and density over time ( Fig. 2A) , as shown by repeated measures MANOVAs (Table 1 ) and profile analyses. From December 1994 to October 1995, mussels gained fresh mass ( Fig. 2A) as indicated by a highly significant time effect on WM (Table 1) . Mussel mass increment, however, differed over time among food treatments and also among density levels (food x time, density x time: P < 0.001, Table 1 ). WM was lower in the LF treatment when compared with the HF treatment ( Fig. 2A) by 30% and 50%, in October 1995 and 1996, respectively. WM decreased noticeably with increasing population density, e.g. by 62.5% and 59.0% on average between N8 and N80, respectively, in the HF and LF treatments during 1996 (Fig. 2A) . The three-way interaction time x food x density was significant (Table 1) , except between December 1994 and June 1995 (P=0.059), and between July and August 1995 (P = 0.052). This result means that WM was greater in the HF treatment than in the LF treatment, but not for all density levels. In 1996, time influenced WM significantly (Table 1) , except between January and March 1996 (P = 0.051) when no growth in WM was observed in the HF and in the LF treatments ( Fig. 2A) . Both food treatment and population density continued to influence WM during 1996, as indicated by significant food x time and density x time interactions (Table 1) . Individual ANOVAs on the 1996 contrasts, however, revealed that a significant difference in the change in WM due to both food and density factors only occurred between March and June 1996 and between August and September 1996 (P< 0.050, Fig. 2A (Table 2 ) and profile analyses. Time had a significant effect on L from December 1994 to October 1996 (Table 2) . Variations in L, however, differed over time among food regimes (food x time: P < 0.001, Table 2), except for August-October 1995 (P = 0.256), June-July 1996 (P = 0.080) and AugustSeptember 1996 (P = 0.132) time intervals, when L did not change significantly with food treatment.
Variations in L also changed over time between density levels (significant density x time interaction, Table  2 ). As for WM, average shell length decreased with increasing population density in both food treatments (Fig. 2B) . The final maximum average shell length in the LF treatment was 39.8 (+ 0.7 SD) and 28.7 mm (+0.5 SD) at N16 and N80, respectively, and 47.4 (+ 0.4 SD) and 33.1 mm (+ 0.6 SD) in the HF treatment at N8 and N72, respectively. The reduced food concentration limited mussel L growth at every density level (Fig. 2B) . As early as August 1995, the eight HF density groups became well differentiated in terms of average L, which spread over a 8.4-mm interval. In contrast, differences in average L among the eight LF density groups were restricted to an interval of 5.5 mm. At the end of the experiment, L growth in each density group was reduced by 11% on average in LF when compared with HF (Fig. 2B) . No significant difference in the change in shell length due to the time x food x density interaction was observed (Table 2) Survival analysis shows that survival time differed significantly between food treatments in 1995 (log-rank X= 3.93, P = 0.049), and in 1996 (log-rank 2 = 4.77, P =0.029). Moreover, survival time of mussels was negatively related to density in 1995 (log-rank 2 = 31.95, P< 0.001) and 1996 (log-rank X2 =34.80, P< 0.001), indicating that mussels at high densities died earlier than mussels at low densities. Significant differences in survival distributions occurred in 1995 (logrank x2 = 58.22, P < 0.001) and 1996 (log-rank 2 = 92.44, P< 0.001) between the 16 food-density treatments.
Multiple-paired comparisons between the 16 different food-density treatments enabled to localize where differences in survival patterns occurred. The sequential Bonferroni procedure was used to control the familywise error rate. For the LF treatment, none of the 28 paired-density comparisons in 1995 and 1996 were significant indicating that survival patterns did not differ between density groups. For the HF treatment, only the N40-N80 paired-density comparison exhibited a significant adjusted P-value for the log-rank test (P = 0.010) in 1995. In 1996, however, eight out of 28 density-paired comparisons in the HF treatment were significant (N8-N80: P = 0.042, N16-N64: P= 0.019, N16-N80: P= 0.015, N40-N72: P= 0.015, N48-N64: P = 0.010, N48-N80: P = 0.006, N64-N72: P = 0.006, N72-N80: P = 0.006), all involving high density levels, i.e. N > 64 mussels per chamber. This was related to the lower percent survival observed at high density than at low density. Significant paired-density comparisons were more frequent in 1996 than in 1995 for the HF treatment, suggesting that differences in survival distributions were becoming more pronounced over time. Finally, comparisons of survival distributions within the same density levels, but for HF and LF treatments were significant only in 1996 for N40 (log-rank adjusted P = 0.004), N72 (log-rank adjusted P = 0.006), and N80 (log-rank adjusted P = 0.023).
B-N and m-N relationships
The relationships between average total fresh biomass (B) and density of living mussels (N) obtained for the 12 sampling dates are shown in Fig. 3 . For clarity, lines have been drawn through data points only for December 1994, July 1995, October 1995, July 1996 and October 1996. Except in December 1994, when the B-N curve was described by a straight line, data points on each sampling date clustered along a curvilinear line tending toward an asymptote for N > 24 (Fig. 3) , indicating that individual growth decreased with increasing population density. Total fresh biomass was also affected by food concentration, and increases in B were more pronounced for HF than LF mussels for any given density (Fig. 3) . In October 1996, the maximum average total fresh biomass was 293 g for 68 mussels per chamber in the HF treatment, and 199 g for 74 mussels per chamber in the LF treatment. The vertical B-N trajectories obtained for each separate density group over time showed similar overall patterns and exhibited successively three distinct phases (Fig. 3 ). An initial increase in biomass occurred in both food treatments during the summer months of 1995 (June-October). This yielded vertical B-N trajectories. Survivorship began to decline just after June 1995 and July 1995 in HF and LF treatments, respectively. For both food treatments, the decline in N was greater in high than low density groups, and was initiated at 1.35 g average individual WM. A reduction in growth then followed during autumn and winter (October 1995-March 1996) as indicated by the proximity of data points while the number of mussels per chamber dropped significantly at N40, N64 and N80 in the HF treatment, and at N48 to N80 in the LF treatment. Lastly, growth resumed during the second summer period (June-October 1996), though at a much smaller rate than during the first summer, with relatively constant N.
Average ash free dry mass clearly responded to food concentration and population density (Fig. 4) . For any given density, m was much higher at high food than at low food concentration and, irrespective of food treatment, m was lower at high densities. Data points in 1995 and 1996 for N 24 clustered to form two distinct clouds towards the lower right-hand side of the scattergram for each food treatment (Fig. 4) . A three-way ANOVA with food, density and year as fixed factors and replicate nested in the combination food x density x year indicated that m increased significantly between 1995 and 1996 in each density group (P < 0.001). Adjusted m for the 16 food-density treatments was calculated by least-squares means analysis and were compared between years for each food-density level. Comparisonwise error rate for these 16 post-hoc tests was adjusted to a Bonferroni corrected a level of 0.003 (=0.05/16). Except at N8 in the HF treatment, adjusted m did not differ significantly between years for each food-density level (P > 0.050). Therefore, we concluded that there was no individual growth in m between 1995 and 1996 in these groups. We then eliminated groups with no mortality to meet ST assumptions. Significant regressions of ln(m) against ln(N) were obtained on each sampling year and in both food treatments for these groups (Table 3) (Table 3) . Elevations did not differ significantly between October 1995 and 1996 in the HF treatment, but were heterogeneous over year in the LF treatment (P < 0.001, Table 3) .
We compared our 1995 results with those obtained from Frechette and Bacher's simulation (1998) (Fig. 5) . Frechette and Bacher (1998) modelled growth of mussels over six months under the same specifications as our experiment, but imposed no mortality. The relationship between observed (our data, mo) and modelled (Fr6chette and Bacher's data, mM) ash free dry mass in the HF treatment was: mM = -0.043 + 0.791mo (linear RMA regression, r2 = 0.958, N= 24). The slope was found to be significantly different from 1 (t-test: t = 5.405, P > 0.050), mo increasing more rapidly than mM (Fig. 5) . In the LF treatment, however, a second-order polynomial model was adjusted to the relationship between observed and modeled m: mM = -0.007 + 0.550m -0.759m2 (MS residual = 510-4, P< 0.001, N = 24). This relationship indicates a rather severe deviation of the modelled growth from the observed growth, particularly for large mussels, i.e. at low density (Fig. 5) .
Discussion
The general patterns exhibited by B-N and m-N curves early in the experiment were consistent with theoretical expectations. At the start of the experiment, B-N curves were linear as expected in situations where body size is not regulated by resource availability (Figs  1, 3) . As of August 1995, the individual B-N curves tended to an asymptote. However, the slope of the envelope of the B-N curves decreased progressively with increasing population density, and shifted toward negative values at high densities (N72, N80). At intermediate population densities, growth was reduced and became density dependent; curvilinearity appeared in the B-N and m-N curves. After a ln-ln transformation, m-N data still exhibited a subtle but significant curvilinear pattern with downward concavity. No significant growth in individual m occurred between October 1995 and 1996 for both food treatments, except at N8 for the HF treatment (Fig. 4) . Since our mussels did not grow, their individual energy consumption and expenditure were apparently in equilibrium, thus meeting a necessary assumption of food-driven ST (FST, Frechette and Lefaivre 1990). N, average number of mussels per chamber It is possible that the mussels may actually have been undergoing ST. If this were the case, the assumptions of the FST model proposed by Frechette and Lefaivre (1990) would appear to be insufficient. Thus, we suggest that Frechette and Lefaivre's model should be revised and we caution against erroneous rejection of ST outcomes based on present ST theory. Food regulation might not be the only mechanism required to induce classical ST patterns. Although our experiment was designed to avoid interference between mussels, crowd- Table 3 . Ordinary least square regressions of natural logarithm of average ash free dry mass (m, g) against natural logarithm of population density (N) for Mytilus edulis held under two food concentrations (high food vs low food) and harvested in October 1995 and 1996. Only density groups exhibiting no growth between 1995 and 1996, and mortality, were selected. Slopes and elevations of significant regressions were compared by analysis of variance and covariance, respectively. r2, coefficient of determination; F, F-statistic; Ni, sample size; ns, P>0.05; **, 0.01<P<0.05; ***, P<0.001. ing might have resulted in co-occurrence of exploitative and interference competition. Interference competition is usually inferred from shell deformity in mussels (Seed 1968 (Seed , 1978 Lefaivre 1990, 1995) and in plants (Enquist et al. 1998) .
HIGH FOOD
Discrepancies between experimental and modelled growth rates (Frechette and Bacher 1998) were significant in both food regimes, but more severe for the LF than for the HF treatment (Fig. 5) . The relationship between observed and modelled m in the HF food treatment was linear suggesting that as crowding increased with population density, no effects other than those of the physiological parameters used in the modelling study (Frechette and Bacher 1998) were required to explain mussel growth in our experiment (Fig. 5) . This invalidates interference as a possible explanation for discrepancy between observed and modelled m-N slopes in the HF treatment. Individual m in our experiment was larger than modelled m for both food treatments. A number of reasons may account for this. First, food concentration might have been higher in 1995 than in 1991, when the reference growth experiment used to calibrate the model parameters (Frechette and Bacher 1998) was conducted. This possibility, however, cannot be tested because of lack of measurements of food availability in 1991. A second reason for higher growth in our experiment may be related to the origin of mussels. In the 1991 experiment, the mussels were obtained as spat from a mussel farm in Baie-desChaleurs, Quebec, whereas in our experiment, the mussels originated from a fast-growing stock in Iles-de-la-Madeleine (Myrand 1990 The latter grows at a lower rate than the former. Therefore, it is likely that the growth rate modelled by Fr6chette and Bacher (1998) was lower than in our experiment. Both explanations, however, cannot account for the difference between HF and LF mussels in Fig. 5 . This may be attributable to physiological compensation (Bayne et al. 1993 ), a process not included explicitly in Frechette and Bacher's model (1998). When faced with a food stress, mussels exhibit physiological compensation such that the available energy in seston is used more efficiently, resulting in increased growth. Physiological compensation was more likely to occur in the LF than in the HF environment, and more so at high than at low population density, thus accounting for the discrepancy between the LF and HF treatments and also for the nonlinear relationship between observed and modelled m in the LF treatment. Actual measurements of physiological rates will be examined elsewhere (Alunno-Bruscia et al. unpubl.). Finally, there was no mortality in Fr6chette and Bacher's (1998) model. In contrast, some of the groups in our experiment suffered significant mortality, especially at high N. Since mortality was linked to ST, death of mussels may have relaxed OIKOS 90:1 (2000) feeding pressure on available seston, allowing survivors to grow further. Thus, the mean size in the experiment would have tended to be larger than in the model. Mortality, however, is unlikely to account for smaller individual size in the model because its effect would have been more severe for smaller sizes (high density groups) than larger sizes (low density groups). This would have resulted in an upward (concave) curve, unlike those shown in Fig. 5 . In summary, interference was likely negligible in our experiment, as expected in small groups of individuals (Okamura 1986) , and apparently physiological compensation occurred, but only when density was high and presumably competition was extreme.
The dynamic interaction between mussels and their food may be inferred from the analysis of the different B-N trajectories over time for each density examined (Fig. 3) . Initially an increase in total living biomass and relatively constant numbers within cohorts were observed. Mussels gained mass while food was available at concentrations high enough to sustain growth. This occurred mainly in summertime (June-October 1995). Mortality, however, began to appear at densities higher than 40 mussels per chamber between June and August 1995, presumably in response to food depletion. A second phase marked by halted growth and a decline in the number of survivors at high densities occurred during winter when temperature was < 2?C, and food supply was low. At low densities (N <24), growth stopped in winter but mortality was marginal, presumably because during the first summer phase mussels had stored more reserves at low than at high densities as confirmed by a tridimensional length-mass-density relationship (Alunno-Bruscia et al. in press). As soon as sufficient food was made available, either by the restoration of adequate environmental conditions, or by the decline in population number due to mortality, mussels gained mass, and shell growth proceeded further. Then, a new cycle marked by a second period of active growth and reduced mortality between June and October 1996 began, coinciding with the third phase of stepwise growth. It is likely that another phase of decreasing densities and reduced growth would have happened during the following winter if the experiment had been prolonged. Such alternate cycles with die-off followed by subsequent resumption of growth were previously observed (Elliott 1993 , Tonn et al. 1994 ) and modelled (Scheffer et al. 1995) for fish cohorts. Our results suggest that these cycles may not be restricted to the fish-plankton system but may also fit the musselphytoplankton case. As soon as the basic conditions are met (food depletion and variance between individuals resulting in mortality), systems consisting of a single consumer cohort and its prey may exhibit a stepwise die-off and depressed growth response. Our results also provide a clear example of the effect of density-independent mortality factors -in the present case, winter and its associated low temperature and food concentration at the input of the 1-L chambers -interacting with density-dependent mechanisms -in the present case, food regulation (Andrewartha and Birch 1960, Peterson and Black 1988) .
Intraspecific competition is considered to be a major source of mortality in mussels ( The amount of available food did not seem to modify the crowding patterns since m-N slopes were not significantly different between high and low food concentrations (Fig. 4) . Only elevations differed between both food treatments. The m-N curves therefore provided clear patterns from which to assess whether mussels were regulated or limited by resources (Murray 1994) . Moreover, survival analysis and examination of the shape of B-N curves (Fig. 3) did not show any significant differences in the timing of ST between HF and LF treatments. Mussel populations at high food concentration grew faster than at low food concentration and moved along an upper biomass-density line, but the relationship between mortality and biomass accumulation was similar at both food levels. Thus, resource use and capacity of survivors to produce biomass were likely similar at different food concentrations, but the number of survivors for a given population biomass was lower when food was in short supply. In this regard, our m-N lines seem to exhibit analogous fea-OIKOS 90:1 (2000) tures with thinning lines in plants. In plants, populations at different fertility levels would tend to follow parallel thinning lines which would be lower for low fertility populations (White and Harper 1970 , Westoby 1984 , Morris and Myerscough 1985 . This suggests that in our experiment food availability would affect the intercept of the FST equation, (Ct/a)'1b, although our results did not support the ST slope prediction.
To our knowledge, this study is the first one to describe the overall shape of B-N curves in mussels. Our findings are not consistent with expectations on B-N curves widely described in plants and recently applied to molluscs. Indeed, we found (1) no classical C-D effect, and (2) the slope of m-N curves in fooddriven competition higher than expected from ST theory, although apparently the conditions for ST had been met. Hence, further studies are still needed to reformulate present modelling of FST, and to improve our understanding of the unusual region we identified. B-N curves provide synthetic information about the nature of competitive processes regulating population dynamics (body size-density dependent growth and survival, and their interaction over time). Finally, reducing the food supply to populations of competing mussels does not lead to major changes in the way that mussels interact with each other.
